The nature of the ischaemic penumbra, as defined by suppression of electroencephalogram ampli tude in the absence of increase in steady state pial surface potassium activity in excess of 13 mM, was examined in the marginal gyrus of cats subjected to middle cerebral artery occlusion. In vitro synaptosomal neurotransmitter uptake, water content (specific gravity), and histopathol ogy at the light and electron microscopic level were studied and the results compared with those obtained at deeper, critical levels of ischaemia (less than 15 ml 100 g-l min-I). [3HJ4-Aminobutyric acid uptake was 104% of control in the marginal gyrus (NS), and 61 and 48% (p < 0.05) in critical ischaemia. It is concluded that impairment of in vivo synaptosomal uptake is a marker of simulta neous widespread damage to neurones, rather than of a Studies of a number of experimental models of cerebral ischaemia indicate that electrophysiologi cal activity is more sensitive to ischaemia than is either energy metabolism (Marshall et al., 1975; Astrup et aI., 1979) or ion homeostasis, as defined by maintenance of steady-state extracellular potas sium activity (Ke) below 13 mM (Astrup et al., 1977; Branston et al., 1977; Strong et aI., 1981). In the experimental models of focal ischaemia based on occlusion of the middle cerebral artery (MeAO), selective electrophysiological suppression in corti cal territories is demonstrable in the periphery of Address correspondence and reprint requests to A. J. Strong, Regional Neurological Centre, Newcastle General Hospital, West gate Road, Newcastle upon Tyne NE4 6BE, United Kingdom. Abbreviations used: ECoG, electrocorticogram; EG, ectosyl vian gyrus; GABA, 4-aminobutyric acid; Ke, extracellular potas sium ion activity; Kp, pial surface potassium activity; MCAO, middle cerebral artery occlusion; MG, marginal gyrus; rCBF, local cerebral blood flow; SG, suprasylvian gyrus. 97 change restricted to the synaptic compartment, although the present findil)gs cannot exclude reversible, sub strate-limited impairment of uptake in vivo. Reductions in specific gravity were seen only with critical isch aemia. In 5 of 6 experiments, early or classical isch aemic neuronal cell changes and reactive glia were seen on light microscopy in restricted areas in the marginal gyrus, either in microfoci or scattered more diffusely.
the ischaemic field, which may therefore be referred to as the ischaemic penumbra ("non-critical isch aemia"; Rossmann and , whereas in the proximal sylvian opercula ("core" /"critical" ischaemia; Rossmann and blood flows fall to levels associated both with large in creases in Ke in acute experiments (Branston et aI., 1977) and with the histological appearances of homogeneous infarction in chronic experiments (Symon and Brierley, 1976) .
The basis for differential sensitivity of physio logical function to ischaemia has been sought using both physiological and biochemical methods. For example, Grossmann and Williams (1971) showed that in systemic hypotension, pyramidal neuronal excitatory post-synaptic potentials and after-de polarisation were affected prior to any loss of rest ing neuronal membrane potential. They postu lated an initial selective abnormality in the dendritic region. Gibson and Blass (1976) demonstrated im-pairment of brain acetylcholine synthesis under conditions of mild hypoxia which were insufficient to impair the energy state, and Davis and Carlsson (1973) have suggested that the monoamine hydrox ylases may be similarly inhibited in view of their high Km for oxygen. However, confirmation that generalised ischaemic neuronal depolarisation was not present has not usually been available in such studies. In a study of in vitro uptake of [3H]4aminobutyric acid ([3H]GABA) by synaptosomes prepared from the cerebral cortex of baboons sub jected to MCAO, Bowen et al. (1976) were able to show significant reductions in uptake, although only in the perisylvian area, a zone of core ischaemia.
A possible association between changes in neu rotransmitter uptake and in water content in cere bral ischaemia has recently been suggested. In ba boons subjected to MCAO, Symon et al. (1979) found an increase in cortical water content when blood flow fell to the range 15-20 ml 100 g-l min-I, a range which is higher than that associated with large steady-state rises in Ke"(8-11 ml 100 g-l min-I, Branston et aI., 1977) . They suggested that early water accumulation is a property of the penumbra in this model, and the change was attrib uted to ischaemic failure of neurotransmitter re uptake mimicking changes in central noradrenergic projection activity. However, in the cat MCAO preparation Hossmann and Schuier (1980) were un able to identify increases in water content at levels of flow higher than those associated with changes in the NaiK ratio. The extent of water accumulation in the ischaemic penumbra is therefore unclear, and in view of the suggested relationship with abnor malities of neurotransmitter uptake, a simultaneous examination of both variables and of blood flow in the penumbra appears necessary.
Histological examination has offered an alterna tive approach to the nature of selective elec trophysiological suppression. The histopathology of cerebral ischaemia has been carefully analysed at light and electron microscopic levels and the ap pearances of ischaemic neurones are well charac terised (Brown, 1977) . However, although isch aemic suppression of electrophysiological function was probably present in such studies, the flow thresholds for evoked potential failure and large Ke fluxes, though distinguishable from one another, are not widely separated (Branston et aI., 1977) . It is therefore unclear whether a given set of histological data relates to penumbral or to core ischaemia, and we have been unable to identify any histological study of selective, functionally suppressed cortex in which generalized membrane failure has been excluded by specific, noninvasive measurement of ion activities in the same zone.
We have demonstrated penumbral conditions, as defined by reduction of electroencephalogram (EEG) amplitude with maintenance of pial surface potassium activity (Kp) below 13 mM, in the margi nal gyrus (MG) of a high proportion of cats sub jected to MCAO (Strong et aI., 1983) . The purpose of the present study was to examine histopath ology, water content, and synaptosomal uptake of [3H]GABA in the MG in this model, and to compare the findings with those in neighboring gyri [su prasylvian (SG), ectosylvian (EG)] in which there are substantial incidences of steady state Kp in crease above 13 mM, indicating core ischaemia. Water content and synaptosomal GAB A uptake were measured following a period of relatively sta ble ischaemia of 2 h, and were compared with changes in blood flow measured by hydrogen clear ance. Histopathology was examined on MG and also on SG and EG following perfusion-fixation by standard techniques, and was also examined at sites at which the time course of changes in Kp had been studied noninvasively. In this latter group of ex periments, an attempt was made to maintain penumbral conditions at these sites by induction of systemic hypertension with aramine if it appeared that an increase in Kp of more than 5-6 mM was in progress. Kp decreased in response to aramine, in several cases markedly, and the correlations of time course of Kp with histopathology are therefore based on tissue which, we infer, underwent limited reperfusion.
METHODS

Anaesthesia and preparation
Details of the anaesthetic technique and surgical prepa ration are given in the accompanying paper (Strong et al., 1983) , and are summarised here. Adult cats of either sex were anaesthetised with alpha-chloralose and ventilated to physiological P aC02' Body temperature was maintained using a homeothermic blanket system; mean arterial pres sure and end tidal CO2 were recorded continuously and arterial pH, Paco2, and Pao2 were measured intermit tently. The right middle cerebral artery was exposed by the transorbital route and occluded following baseline measurements. The extent of brain exposure and record ing systems are detailed below.
Physiological variables
Local cerebral blood flow (rCBF) was measured by hy drogen clearance (Pasztor et aI., 1973) using polarised platinum electrodes 1-1.5 mm long and 125 /Lm in di ameter. Clearances were analysed by the 2-min initial slope technique (Symon et aI. , 1974) . Kp was measured using valinomycin membrane electrodes with an adjacent, mechanically coupled reference barrel, the combined unit being spring-loaded from a high impedance differential amplifier mounted in a micromanipulator. Construction of the K+-selective barrel is described in the accompanying paper (Strong et aI., 1983) .
Experimental protocols
Group 1. In 11 experiments, right EG, SG, and MG and left MG were exposed for an anteroposterior distance of 2 cm. The dura was excised and the exposed cortex was protected with a pool of warm mineral oil exposed to an overtable light; rCBF was measured at 6-8 sites on the right hemisphere with emphasis on SG and MG. Forty milliliters of 1. 8% NaCI was infused intravenously during a period of occlusion lasting 2 h. In 8 experiments cortical ribbons were then excised in vivo from the convexities of right and left MG, SG, and EG for analysis of uptake; in 10 experiments small segments of these ribbons were re tained for measurement of water content. Primary flow and Kp data from these experiments are included in data in the accompanying paper.
Group 2. In 7 experiments, 1-to 2-cm burr holes were made over combinations of right EG, SG, and MG. The dura was opened and Kp was recorded on locally exposed cortex with electrocorticograms (ECoG) recorded from immediately adjacent pia. The electrodes were sur rounded in the burr hole by a cap of cellophane. Following occlusion of the right MCA, if Kp rose at any site to a steady-state value in excess of 10 mM, aramine was in fused intravenously. After 2 h the potassium electrodes were removed and perfusion-fixation was carried out.
Perfusion-fixation and histopathology (group 2)
Following completion of the experimental protocol for group 2, the animals were heparinised and the occlusion clip removed; a cannula was placed in the ascending aorta via the left ventricular apex and the aortic sinus and de scending aorta ligated. The right atrium was opened and the head and upper limbs perfused first with physiological saline until a clear atrial reflux was obtained. Perfusion was then continued with 1,500 ml 4% glutaraldehyde in sodium cacodylate, buffered to pH 7. 2; filtered carbon black was included in the final 100 ml of perfusate. All perfusions were carried out at 120-140 mm Hg. A small volume of subdural air usually accumulated due to trans orbital cerebrospinal fluid drainage during exposure of the MCA, and there was no herniation of brain through the burr holes during perfusion. The brain was left in situ for a minimum of 60 min (Brown, 1977) and blocks consisting of the area beneath each electrode site were then excised through the burr hole in order to assure their locations. These blocks were immersion-fixed in 4% glutaraldehyde for a further 6-12 h and then transferred to 0. 32 M su crose. They were subsequently dehydrated and embed ded in araldite, and semi-thin sections were cut and stained with toluidine blue for light microscopy. These sections were screened for artefacts and examined for ischaemic changes. Thin sections were then cut from ran domly selected areas of these blocks and examined by electron microscopy. Coronal sections of left and right hemispheres were made, centered near the mid-point of the horizontal portion of the EG (Fig. 4 in Strong et aI., 1983 ) but varied where necessary so as to provide a sec tion at least 5 mm distant from electrode sites. The blocks of hemispheres were embedded in paraffin wax and 6-/Lm sections prepared and stained with haematoxylin and eosin for light microscopy; cresyl-fast violet and myelin stained (Loyez method) sections of 20 /Lm thickness were also prepared.
Preparation of synaptosomes and measurement of PH]GABA uptake (group 1)
Freshly excised cortical ribbons were placed in weighed bottles containing 0. 32 M sucrose at 4°C and the bottles re-weighed.
The subcellular fractionation procedure used was a simple modification of the standard Gray and Whittaker method and has been described and validated elsewhere (Dodd et aI., 1981) . Briefly, by overlaying the SI super natant directly onto 1.2 M sucrose, mitochondria plus Iysosomes were removed at the second centrifugation as a pellet. The interface at the 0. 32 and 1. 2 M boundary was used directly.
Uptake experiments were carried out as described by Logan and Snyder (1971) after 15 min preincubation. Uptake was measured over 4 min, being terminated by bench centrifugation. [3H]GABA was used at a concen tration of 5 /LM and a specific activity of 20 CiJmol. Up take was measured in Krebs phosphate medium and in a similar medium in which NaCI was replaced by equimolar tris-HCI. The difference between the two values (i.e., Na-dependent uptake) was calculated. Na-independent uptake routinely constituted 25% of Na-dependent up take. Na-dependent uptake per gram wet weight was cal culated for each gyrus and these values were also ex pressed as percentages of control, which was based on individual homologous gyri (Table 1) .
Cortical water content (group 1)
Total brain water content was measured using a specific gravity method. At the end of each experiment small pieces of cortex approximately 2 mm3 in volume were removed from each of the MG, SG, and EG from both the experimental and control hemispheres. They were im mediately immersed in a mixture of kerosene and bro mobenzene for dissection. The pia was removed as was any remaining white matter and the cortex divided into small pieces 1 mm3 in size, between 4 and 8 pieces being thus obtained from each gyrus.
Bromobenzene-kerosene specific gravity columns were constructed following the method of Nelson et al. (1971) and Marmarou et al. (1978) . Columns were constructed to give linear specific gravity ranges between 1. 026 and 1.054 overall and were kept at constant temperature. Specimens of brain were immersed in the columns which had been previously calibrated with solutions of known specific gravity, and their position recorded after 2 min.
RESULTS
Physiological data
The topographical distribution of changes in blood flow, Kp, and EEG activity has been de scribed in the accompanying paper (Strong et aI., 1983) . "p = 0.01, compared with change in sp. gr. on MG; b P = 0.02, compared with mean control;" p = 0.05, compared with mean control; significance tests by Wilcoxon's signed rank test (2-tailed).
Values for change in specific gravity are mean ± SD of individual changes.
Units for rCBF are ml 100 g-I min -I.
Synaptosomal uptake (group 1)
There was considerable intra-and inter-animal variation in absolute values of uptake in the control hemisphere. Significance of changes in uptake in ischaemic gyri was tested using absolute data (Wil coxon's signed rank test, two-tailed), and relation ships of flow with uptake were also examined using uptake data expressed in absolute terms ( Fig. 1 ). Absolute uptake data, derived percentage values, and blood flow are listed in Table 1 . Mean isch aemic rCBF for an individual gyrus was the mean of flows recorded on that gyrus during ischaemia, data from individual electrodes having first been pooled. Mean uptake on MG (104%) was not signifi cantly different from control, but was reduced on SG (61%, p < 0.05) and on EG (48%, p < 0.05). The relationship of absolute uptake with mean isch aemic flow when analysed as a linear regression was highly significant (r = 0.665, p < 0.001) with a flow intercept for control uptake of 36 ml 100 g-l min-1 ( Fig. 1 ) closely resembling measured control flows.
Cortical water content
Ischaemic blood flow and cortical specific gravi ties for ischaemic and control MG, SG, and EG, are shown in Table 1 . Specific gravity of the exposed con trol hemisphere (MG) was 1.0442 (range 1.0387-1.0498), and was 1.0437 (1.0410-1.0461) and 1.0442 1983 (1.0339-1.0485) in the non-exposed gyri (SG and EG, respectively); no significant difference ex isted between these values, confirming that expo sure had no effect on water content in the non ischaemic hemisphere. Specific gravities in the ischaemic gyri were 1.0437 (1.0381-1.0493; MG, NS), 1.0396 (1.0304-1.0481; SG, p = 0.02), and 1.0412 (1.0341-1.0483; EG, p = 0.05). Specific gravity is quoted as the geometric mean with 95% confidence limits in parentheses since the data were not always normally distributed. Comparison is with the mean control hemisphere specific gravity for each experiment using a two-tailed Wilcoxon's signed rank test. The difference in the specific gravity between the control and ischaemic hemi spheres reflected the final water increase or deficit in each gyrus. The differences in the change in spe cific gravity between MG and SG and between MG and EG were significant (p = 0.01, two-tailed Wil coxon' s signed rank test). Relationships of reduction in specific gravity with blood flow for individual samples were examined using the following as indices of duration and se verity of ischaemia: (1) mean clip flow ( Fig. 2) and (2) integrated flow deficit below a trial threshold of 14 ml 100 g-I min-1 (IBT 1 4). IBT I 4 was calculated by the method of Strong et al. (1977) . Where mean clip flow was above 14 ml 100 g-1 min -1, no increase in water content was seen, whereas below this flow a striking reduction in specific gravity was evident. The data did not form a continuum and linear re gression analysis was not attempted for this reason. The relationship of IBT 1 4 with reduction in specific gravity closely resembled that of mean clip flow with specific gravity reduction. No relationship between the time for which flow remained below 14 ml 100 gl min-1 and change in specific gravity was found.
Light microscopy (group 2)
Two groups of studies were carried out using light microscopy. First, the appearances of EG, SG, and MG were examined in whole hemisphere coronal sections stained with haematoxylin and eosin, cresyl-fast violet, and by the Loyez method for my elin. Second, semi-thin sections cut from 2 x 2 mm blocks at Kp electrode sites were stained with to luidine blue, and their appearances were compared with the time course of Kp, independent of gyral location. Satisfactory coronal sections including MG, SG, and EG were obtained and analysed in 6 experi ments. In all cases similar complete sections of the control (non-ischaemic) hemisphere were carefully scrutinised, particularly for any evidence of ar tefactual neuronal changes. In all cases the control sections were histologically totally normal (Fig.  3A) . On EG gross ischaemic neuronal damage was present; it was almost homogeneous in 5 experi ments ( Fig. 3B) and was conspicuous and extensive but not confluent in 1. Neuronal cell bodies were shrunken and usually triangular in shape, and the density of nuclei and cytoplasm was increased; there was cytoplasmic microvacuolation, corre sponding to the severe mitochondrial swelling ob served on electron microscopy (Fig. 5 ). There was widespread and intense perineuronal vacuolation, with "scalloping" of neuronal outlines.
On SG, there was patchy ischaemic change in all 6 experiments; these patches were extensive but not confluent in 3 experiments, and scattered in 3. Ap pearances of individual neurones resembled those observed on EG.
The appearances of MG were normal only in 1 experiment; in the remainder, scalloped neurones with perineuronal vacuolation were seen in two types of distribution. First, in 3 experiments, multi pIe, isolated abnormal neurones were observed, sometimes distributed in horizontal laminar fashion for short distances (Fig. 3C ). Alternatively (n = 2), they were concentrated in foci, themselves homo geneous and measuring some 500 ILm in diameter in the sections viewed, situated either on the con vexity or near the convexity on the medial side of the marginal sulcus. Similar changes were sought in the control hemisphere, but the appearances here were entirely normal in all experiments. Paired glial nuclei were seen in both MG and SG, and narrow areas of reduced density were present surrounding some capillaries.
The time course of Kp and its response to aramine-induced systemic hypertension were com pared with histological appearances in semi-thin sections from underlying cortex in 6 experiments. In 3 experiments, large steady-state Kp increases (19-90 mM) were reversed to 8.0, 5.5, and 2.4 mM; despite these apparently good responses, ischaemic cell change was severe in 2 cases and moderate in 1.
In 2 experiments recurrent Kp transient activity was associated with either severe (Fig. 4) or very limited ischaemic cell change. In one experiment an incipient steady-state rise in Kp which appeared likely to exceed 10 mM was aborted with aramine at a peak value of 7.5 mM and reversed to 3.5 mM; histological appearances at this site were entirely normal.
Electron microscopy (group 2)
In view of the extensive changes demonstrated by light microscopy on EG and SG, only blocks from MG were examined by electron microscopy. Multi ple semi-thin sections were first examined from electrode sites on MG, separate from those at which sections were taken for light microscopy.
Data were available from 7 cats; in 2 there were numerous microfoci of typically micro vacuolated ischaemic neurones. The remaining 5 were judged normal by semi-thin microscopy. On electron mi croscopy, 2 of these animals displayed occasional neurones with swollen vacuolated mitochondria and distended cisternae of endoplasmic reticulum; such neurones were surrounded by membrane-bound spaces, interpreted as dilated astrocytic processes (Fig. 5) . In some instances, neurones with typical ischaemic cell change were seen in close proximity with cells with normal mitochondria. In 2 experi ments isolated neurones displaying only a number of vacuolated mitochondria were identified after prolonged search. Only in 1 experiment were elec tron microscopic appearances on MG entirely normal.
DISCUSSION
Neurotransmitter uptake
In assessing the results of uptake studies, it is important to clarify the nature and interpretation of the assay procedure. The in vitro incubation of synaptosomes prepared from ischaemic tissue en tails the reprovision of glucose and oxygen at levels of availability which are presumed to be well above Km values; in vitro high affinity uptake is an energy-dependent process (Balcar and Johnston, 1972) and it may be viewed as a measure of capacity for recovery or reversibility upon reprovision of substrate in the synaptic compartment. An impor tant distinction must, however, be drawn between reperfusion in vivo and reprovision of substrate in vitro; fractionation and in vitro incubation after 2 h of ischaemia may dilute agents such as free fatty acids, calcium ion, and lactate, which are thought to contribute to irreversible cellular damage and to its progression during in vivo reperfusion (Siesjo, 1981) . Although demonstrable changes in lactate concentration (Welsh et aI., 1980) and extracellular calcium activity (Harris et aI., 1981) appear to be associated only with "core" ischaemia, the possi bility of similar, compartmented changes in synap tic regions of the penumbra exists, but these may be masked by the use of standard in vitro test condi tions perhaps more favourable than those present in vivo.
We interpret the presence of statistically signifi cant uptake impairment in EG and SG as indicating irreversible synaptic damage in these gyri. Reduc tion of uptake was not due to a change in density of synaptosomes, since pellet yields were not affected, whether expressed per gram fresh cortex or per gram fresh cortex corrected for changes in water content. The changes observed may therefore be attributed to changes in synaptosomal glycolysis or mitochondrial properties (and therefore reductions in synaptosomal adenosine triphosphate levels), to increased passive Na+-permeability, or to specific damage to the uptake site. Whatever the precise nature of the defect, these changes were present to a statistically significant degree only in SG and EG, areas frequently subject to core degrees of isch aemia with increases in Kp in excess of 13 mM and hence most probably associated with decreases in extracellular calcium activity. It is therefore likely that the reductions in uptake we have demon strated in core areas are merely one of several po tential nonspecific indices of damage affecting both neuronal cell bodies and their processes. Since the histological changes on SG are not homogeneous, the intermediate degree of uptake suppression ob served in this gyrus is more reasonably interpreted as indicating a change affecting entire neurones in nonhomogeneous distribution, rather than a global, partial change specific to the synaptic compart ment.
Our failure to identify significant reduction in MG (penumbra) is in agreement with the data of Bowen et al. (1976) obtained in the baboon MCAO prepa ration. In those experiments, the protocol included the induction of a degree of systemic hypotension, raising the possibility that control hemisphere up takes might have been subnormal. The demonstra tion of an inverse relationship of glutamic acid de carboxylase activity in the control hemisphere with integrated blood pressure below 60 mm Hg in those experiments attested to this possibility. A true re duction of uptake in the ischaemic penumbra might therefore have been obscured by the use of such control material. In the present experiments mean systemic arterial pressure remained above 80 mm FIG. 5. Electron micrograph of marginal gyrus following 2 h of ischaemia without induced hypertension. Grids were cut from an area which was histologically normal both on semi-thin sectioning (toluidine blue) and at low power (haematoxylin and eosin). There are membrane-bound spaces (a) surrounding a neurone with microvacuolated mitochondria (arrowheads) and distended cisternae of endoplasmic reticulum (x 12,000).
Hg during both ischaemia and excision of samples with the exception of one experiment (50-60 mmHg); the results fully confirm the data from penumbra in the baboon.
We therefore conclude that uptake of [3H]GABA by synaptosomes prepared from a zone of cortex (MG) largely free of major K+ changes is fully re versible with standard in vitro incubation proce dures. However, neither the present nor the previ ous primate studies exclude the possibility of com partmented substrate-limited or free fatty acids/ lactate/Ca2+-induced suppression of uptake mecha nisms in the ischaemic penumbra in vivo, the change being reversed upon reprovision of sub strate or removal of suppressant agents in vitro.
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Cortical water content
Studies of water content were carried out in this preparation in order to determine whether any in crease in water content was demonstrable in associ ation with the conditions of selective functional suppression which we have demonstrated on the MG. Water content has been expressed only in terms of specific gravity, since we have not con firmed that the specific gravity of brain solids re mains constant during ischaemia.
In studies of the baboon MCAl) preparation, Symon et at. (1979) found a significant increase in water content (p < 0.02) where flow lay in the range of 15-20 ml 100 g-I min-I. These changes were attributed to failure of neurotransmitter re-uptake, with consequent accumulation of active concentra tions of agents capable of causing an increase in vascular water permeability. In the present experi ments no comparable decrease in cortical specific gravity was demonstrable where flow lay above 14 ml 100 g-l min-1 (Fig. 2) ; thus our data provide no evidence for water accumulation in the penumbra. Although our studies differ from those of Symon and his colleagues, in our use of an open skull prep aration, the effect to be expected of the closed skull situation would be an increase in local pressure with consequent reduction in local blood flow in poorly autoregulating areas immediately adjacent to foci subject to core conditions. Some enlargement of the core territory would thus occur but this need not necessarily be accompanied by a change in the re lationship between water accumulation and local blood flow, where, as here, this is being examined independent of gyral location. The relationship between specific gravity and blood flow demon strated in this study accords more closely with the results of Hossmann and Schuier (1980) , who found that cats with MCAO (closed skull) in which flow remained above 15 ml 100 g-l min-1 did not develop oedema, than with results from the baboon; these differences in results may reflect a species differ ence for which other evidence exists; this evidence is discussed in the accompanying paper (Strong et aI., 1983) . The threshold for water accumulation of 14 ml 100 g-l min-1 indicated by our data is closely comparable with the value of rCBF of 15.9 ml 100 g-l min-I identified in the accompanying paper as associated with the establishment of massive (> 11-13 mM) increases in Kp. The evidence of si multaneous increases in cortical impedance in ba boon (Branston et aI., 1978a) and cat suggests that water accumulation is intracellular, and the histological features of in tense perineuronal vacuolation and neuronal con traction and ischaemic cell changes (Fig. 3) suggest that a significant proportion of this accumulation might be within glia.
Histology
In assessing the histological data the adequacy of the preparation first requires assessment. The quantity of carbon black used was small but re sulted in homogeneous grey coloration of the corti cal surface. These appearances were present over penumbral and core territories and varied only in the region of the proximal middle cerebral artery dissection. Nevertheless, since we have demon strated increases in water content at flows as sociated in our preparation with steady-state potas sium activity increases, the possibility exists that such shifts of water may be associated with impair ment of perfusion-fixation in portions of the EG and conceivably the SG. However, in the case of the penumbra as observed in the MG, the absence of water increases on this gyrus and the higher isch aemic flows (27 ± 10 ml 100 g-I min-I; Strong et aI., 1983) suggest that it is highly unlikely that in adequacies of perfusion-fixation could account for the abnormalities demonstrated on this gyrus. A second potential artefact may arise from the use of surface electrodes. However, these electrodes were suspended by springs from micro manipulators so that surface contact pressure was minimal, and comparison of the histological findings from the electrode sites (semi-thin sections) with sections taken from the whole hemisphere on the same gyrus but separate from these electrode sites showed no differences in the frequency of histological abnor malities. The greater part of the histological data derives from areas of brain not exposed to electrode contact.
In our opinion the neuronal changes we have ob served represent ischaemic cell change, rather than dark cell artefact (Brown, 1977) . Thus, both 6-!-Lm and semi-thin sections from all control hemispheres (including a Kp electrode site on the control hemi sphere MG and a further site on experimental MG at which Kp was normalised from 7.5 mM by induced hypertension) were entirely normal; that is, sites displaying no or minimal Kp abnormalities were histologically normal. There was no herniation of brain at burr hole sites during perfusion-fixation: excision of specimens for electron microscopy was deferred for a minimum of 60 min, following the practice of Brown (1977) , and the cerebral hemi spheres were removed only after intervals of 12 -15 h.
The general pattern of histological abnormality which emerges from these studies is one of a rela tively constant type of ischaemic cell change which is present in restricted microfoci or affects single, scattered neurones in the ischaemic penumbra, and becomes progressively more widespread through the SG, reaching almost total homogeneity on the EG. There was no evidence of a generalised, sub cellular, or synaptic change specific to the pen umbra with a homogeneous, wide distribution to match the global reduction in EEG amplitude ob served on the marginal gyrus. Although the extent of abnormalities seen in the penumbra on electron microscopy was wider than that seen on semi-thin or light microscopy, the ultrastructural changes still affected a minority of neurones. The earliest change observed in these studies would appear to be that of expansion of the mitochondrial matrix with disrup tion of inner membrane and cristae. Swelling of en-doplasmic reticulum was only a little less frequent, followed in close sequence by the development of perineuronal vacuolation which may indicate di lated astrocytic processes. These findings are in agreement with the recent studies by Petito and Babiak (1981) , who demonstrated early reactive as trocytic changes in rats subjected to brief periods of occlusive cerebral ischaemia.
In histological studies of cats subjected to MCAO for 2 h with reperfusion for 2 h, Tamura and his colleagues (1980) did not report abnormalities in the MG. However, their observation of minor histo logical abnormalities in association with ischaemic flow values reaching a little in excess of 20 ml 100 g-I min-I differs little from the present results (mean post-occlusion flow on MG was 27 ± 10 (SD) ml 100 g-I min-I). The comparable penumbral ter ritory in the baboon MCAO preparation is the frontoparietal convexity, where Symon and Brier ley (1976) did not observe histological abnormalities in chronic studies extending to 3 years following occlusion.
The demonstration of abnormalities in the margi nal gyrus in this preparation must be qualified by the nature of the experimental protocol, which in the majority of experiments required a period of induced hypertension; the associated reversal of Kp fluxes suggests that a degree of reperfusion oc curred. In view of the extensive evidence now avail able of secondary degradation during reperfusion in respect of a number of variables, we feel it is at least possible that the reperfusion phase in our studies may have contributed to the abnormalities demonstrated, and the significance of the present findings cannot be fully interpreted without quan titative data from acute and chronic preparations in which systemic arterial pressure has remained rela tively stable. However, uncertainty over the rela tive contributions of the ischaemic and reperfusion phases to the lesions demonstrated should not be allowed to divert emphasis from the principal find ings that histological abnormalities were unexpec tedly widespread in these experiments and were present in the MG.
The studies of the relationship between his topathology and patterns of K + efflux are of interest in that they demonstrate that the observation of complete or subtotal normalisation of potassium activity in response to elevation of blood pressure does not necessarily indicate histological integrity. In the light of evidence from intact cortex (Somjen, 1975) and cultured glial cells (Hertz, 1981 ) that the astroglia may play an important role in potassium homeostasis, it is possible that the combination we have observed in these studies of potassium rever- 1983 sal with marked histological abnormalities in neurones indicates preservation of glial function. It would appear from the studies of which Fig. 4 is an example that the histological correlate of intermit tent transient elevations in Kp is scattered micro focal neuronal ischaemic cell change with swelling of the adjacent astrocytic processes; Kp transient activity cannot therefore be regarded as entirely "benign.' , Harris et aI. (1981) have shown that where ex tracellular calcium and potassium activity are mea sured at the same site, a reduction in the former occurs when the latter increases above 13.4 ± 3.8 (SD) mM. This finding, and the recently proposed hypotheses (Hass, 1981; Meldrum, 1981; Siesjo, 1981) implicating intracellular shifts of Ca2+ in the pathogenesis of ischaemic cell change, would imply that where Ke has exceeded 13 mM, histological change should be expected in the region of the electrode site. We interpret the data relating Kp with histology as suggesting that once a Kp value of perhaps 13 mM has been exceeded, duration is more important than amplitude of Kp increase (or its apparent determinant, a reduction of local flow below 16 ml 100 g-l min-1 in the cat or 8-11 ml 100 g-l min-1 in the baboon) in determining the homoge neity of neuronal ischaemic cell change, an inference supported by earlier studies of reperfusion in the baboon (Branston et aI., 1978b) .
The nature of the ischaemic penumbra
The present studies confirm that a discrepancy exists between, on the one hand, the widespread and almost invariable observation of EEG suppres sion on the MG, and, on the other, the restricted distribution of microfoci of classical ischaemic cell change observed histologically. It is possible to classify hypotheses for selective electrophysiologi cal suppression in the absence of major steady state ion changes in four principal categories.
1. A homogeneous change affecting one or more neurotransmitter sy stems. Hypoxic inhibition of cortical monoamine (Davis and Carlsson, 1973) or acetylcholine (Gibson and Blass, 1976) synthesis, or accumulation of inhibitory concentrations of adenosine (Phillis et aI., 1975) are examples of such a change. Although the studies of in vitro uptake of [3H]GABA by synaptosomes prepared from pen umbra both in the present studies and in baboons (Bowen et al., 1976) do not suggest uptake im pairment, they do not exclude hypoxic inhibition of uptake mechanisms in vivo. Comparison of the uptake data and histological findings in our studies indicates that uptake impairment as demonstrated in core areas of ischaemia reflects non-selective and probably irreversible damage not only to synapses but also to neuronal perikarya. Uptake impairment is therefore a measure of the extent and homogene ity of ischaemic cell change.
2. Local diaschisis. Generalized EEG suppres sion in a cortical territory subject to penumbral conditions may result from the loss of activity of the small pool of neurones which are affected histologi cally and whose function may be critical to the inte grated activity of the territory.
3. Generalized diaschisis. Ischaemic interruption of ascending pathways normally contributing to the maintenance of EEG activity may occur either in thalamus or in subcortical white matter. Studies by Yamaguchi et ai. (1971) suggest that in the cat the thalamus is not affected by MCAO. Although EEG frequency content may be subject to subcortical modulation, it appears unlikely that the amplitude of the time-compressed voltage envelope would be reduced in cortex which has been undercut and hence physiologically deafferented (Andersen and Andersson, 1968) . We therefore suggest that remote deafferentation is unlikely to contribute to reduc tion of EEG amplitude as observed on the MG in the present experiments.
4. Ischaemic depolarization of a large neuronal population, the greater part of which remains mor phologically intact. According to this hypothesis, the observation of relative preservation of Ke homeostasis would reflect continuing clearance of ischaemic K + fluxes by preserved or enhanced glial Na,K-ATPase activity. It seems likely that isch aemic depolarisation of a large neuronal popula tion is associated with movements of Ca2+ into neurones; if such redistribution is indeed cytotoxic when sustained, we think it unlikely that morpho logical integrity of a neurone could be maintained in the face of sustained depolarisation.
In summary, in our opinion, hypotheses 1 and 2 are in general supported by the evidence, whereas, for reasons given, 3 and 4 appear less likely. Hypotheses 1 and 2 share one common feature, namely, that in both cases function is limited by ischaemia only in a critical compartment of the gyrus, either the synapse (hypothesis 1) or a func tionally critical pool of neurones (hypothesis 2).
Both concepts imply that substrate utilisation in the larger compartment (hypothesis 1) or remainder of the territory (2) is reduced primarily as a result of functional suppression, and that the reductions in flow we have observed on the MG may reflect dias chisis rather than ischaemia.
Hypotheses 1 and 2 are not necessarily mutually exclusive, but further experimental examination appears necessary, as a concept of physiological suppression in the ischaemic penumbra based purely on a change confined to the synaptic com partment implies a higher degree of reversibility upon reperfusion than does one based on change affecting the entire cell body in a functionally crit ical population of neurones, or in a larger popula tion.
The definition of penumbra
As an alternative to the present definition of penumbra, a criterion based on impairment of au toregulation in territories displaying rCBF values above structural thresholds at normotension may be considered. Such a definition would require specifi cation of acceptable limits of flow reduction in re sponse to given degrees of hypotension; moreover, any difference in flow threshold for consistent his tological change, for which there is evidence (Strong et aI., 1983) , would require individual flow criteria for each species. The present definition is not affected by such differences since it relates more directly to a physiological marker of homo geneous infarction-massive Ke increase-than does a value of rCBF. Although in this prepa ration we have shown ischaemic cell change in an area which meets the present criteria (MG), it is nevertheless possible that, in other species with a relatively smaller middle cerebral territory, func tional suppression in a peripheral gyrus might result entirely from "diaschisis" arising from a more cen tral cortical area of core ischaemia.
